In their observations of the electron spin resonance (ESR) of irradiated nucleic acids and their constituents in the powdered form, Shields and Gordy' found a triplet caused by two equally coupling protons in guanine and deoxyguanosine. Later, this was interpreted by Gordy, Pruden, and Snipes2 as arising from a radical formed hy hydrogen addition to the C(8). The interpretation was later proved by Herak and Gordy,' who subjected guanine and its various derivatives to gaseous H and D atoms and observed the ESR of the resulting addition radicals. These authors also observed a similar triplet for RNA bombarded with H atoms at 770K which they attributed to direct H-addition on the C(8) of the guanine ring.
In their observations of the electron spin resonance (ESR) of irradiated nucleic acids and their constituents in the powdered form, Shields and Gordy' found a triplet caused by two equally coupling protons in guanine and deoxyguanosine. Later, this was interpreted by Gordy, Pruden, and Snipes2 as arising from a radical formed hy hydrogen addition to the C(8). The interpretation was later proved by Herak and Gordy,' who subjected guanine and its various derivatives to gaseous H and D atoms and observed the ESR of the resulting addition radicals. These authors also observed a similar triplet for RNA bombarded with H atoms at 770K which they attributed to direct H-addition on the C(8) of the guanine ring.
Although the above studies show without doubt that H-addition radicals occur in irradiated guanine derivatives, the earlier work on powders did not provide the detailed information about the electronic structure which may be gained from analysis of the irradiated single crystal. Because of the evident importance of this radical in determination of the effects of radiation on the nucleic acids, we have made detailed studies on an irradiated single crystal of guanine hydrochloride, the results of which are here described. A similar, single-crystal analysis of the Haddition radical in thymidine4 has been made earlier.
Crystals of Guanine Hydrochloride Dihydrate.-The crystals were grown from a solution of guanine in dilute hydrochloric acid. The guanine hydrochloride solution can crystallize in three forms: guanine hydrochloride monohydrate, guanine hydrochloride dihydrate, and guanine dihydrochloride. According to Broomhead, 6 the molecular weights of these three forms are 205.5, 223.5, and 223.0, respectively; the density of the monohydrate is 1.662 gm cni3, whereas that of the dihydrate is 1.562 gm cm-3. The crystals we grew floated in carbon tetrachloride (density 1.595 gm cm-3), showing that the crystal form was not the monohydrate. According to Iball and Wilson,6 the crystals of guanine hydrochloride dihydrate are monoclinic in structure with space group P21/a, and there are four molecules in a unit cell. These crystals, often needle-like with an almost square cross section, have a well-developed (110) face and have the length of the crystal along the c unit cell axis7 (see Fig. 1 ). Correlation of the dihydrate crystal structure with the ESR spectra showed that our crystals were of the dihydrate form.
The four guanine molecules in the crystal unit cell have planar molecular structures. The molecular planes of two of the molecules are parallel, as are those of the remaining two molecules; the glide plane symmetry of the crystal requires the two sets of parallel planes to be reflections of each other.
The crystals were given gamma ray dosage of the order of 18 million roentgens with a 3-kilocurie cobalt-60 source and were observed at room temperature with an ESR spectrometer operated at 24 kilomegacycles.
Description of Observed Radical and Spectra.- Figure 2 shows the chemical structures of the guanine molecule and the radical formed from it by the y-irradiation. The source of the H atom added to the C(8) is not known, but it may be an atom which is freed when an H20 molecule captures an electron and becomes -OH and H. Only one type of radical was observed, but it had two distinguishably different orientations in the crystal to which we shall refer as radical (I) and (II).
Three types of nuclear hyperfine structures are observed in the ESR spectra of this radical. They are illustrated in Figure 3 . The hydrogen addition on C (8) gives a methylene group with hydrogen atonms projecting above and below the plane of the molecule. The methylene hydrogen nuclei couple through the mechansim of hyperconjugation to the unpaired electron in the pi system of the molecule to give a hyperfine splitting. The couplings to the two hydrogens are isotropic and equivalent, giving a triplet hyperfine structure with intensity ratios 1: 2: 1. The component spacing is 36.0 gauss. Another type of observed hyperfine structure is due to N'14 nuclear coupling.
The ir double bond between N(7) and C (8) is broken, and a hydrogen atom adds to the C(8) position, leaving a large electron spin density on N(7). This spin density couples to the N14 nuclear moment (for which I = 1) and causes a triplet splitting with components of equal intensity. The N14 splitting is axially symmetric about an axis perpendicular to the molecular plane and parallel to the axis of the p-orbital on N(7). This splitting, which is anisotropic, varies from 1.5 to 21 gauss.
The third type of nuclear hyperfine structure results from the ionic form (H-guatine)+ of the molecules in the crystals6 in which the H+ from the HC1 becomes attached to the N(7) of guanine. An anisotropic doublet splitting arises from interaction of electron spin density on N(7) and the proton H(7). A small H(4) nuclear interaction arising from spin polarization of the N(t) -H(4) bond is observed at some crystal orientations. The unpaired electron density on N(9) is so small that the resulting N(9)14 splitting is not resolvable.
Although a few orientations of the crystal in the magnetic field gave identical spectra from both radicals, the spectra were quite different for most orientations, and their combined patterns were sometimes very complicated. It was found experimentally, however, that the prominent spectra observed for most orientations were produced by only one radical. This fortunate circumstance allowed us to follow the nitrogen and hydrogen splittings as they varied with crystal orientations. The radical observable in any particular orientation was the one with the smallest nitrogen splitting, as is evident from the comparison of calculated curves and experimental points in Figure 4 . The nitrogen splitting from radical (II) cannot be detected from 0°to 800; likewise, that from radical (I) cannot be detected from 800 to 1800. The g factor and the hydrogen-splitting curves also show this effect, as they are only observable for the radical having the smallest nitrogen splitting.
Derivation of the Principal Values of the Nuclear Couplings and g-Tensor.
-From a knowledge of the crystal structure of the molecule and the nature of the free radical, it was possible to determine the approximate directions of the principal elements of the N14 hyperfine tensor. The crystal was then oriented in the magnetic field so that it could be rotated about an axis perpendicular to the field and to the p-orbital. The N14 nuclear splitting was resolved as it varied from 2 to 15 gauss, and a least-squares fit of these data gave 1.5 gauss and 21 gauss as two of the principal values of the N14 hyperfine tensor. Since the N14 coupling was found within experimental error to be axially symmetric, the third principal value could be assigned as 1.5 gauss. From these derived principal values and the crystal structure, values for the splittings for different orientations were calculated by use of the formula: a= where a is the hyperfine splitting, A is the direction of the external magnetic field, and a is the hyperfine tensor. The splitting was calculated for 50 intervals in a particular plane and was compared to the experimental splittings. The agreement between the calculated curves and the experimental splittings for one plane is shown in Figure 4 .
The largest magnitude for the hydrogen splitting, 15 gauss, was observed directly; the minimum value was found to be less than 2 gauss. The intermediate value of the hydrogen splitting was estimated to be 9 gauss. From the principal values in Table 1 and the known crystal structure, splitting curves were calculated and were compared with the observed splittings. These curves for one plane of crystal rotation are shown in Figure 5 .
Since the g tensor was found to be axially symmetric, the curves for the g-factor variation were calculated in the same manner as those for the N14 splitting. These curves and experimental points for one plane are shown in Figure 6 .
The derived values of the nuclear couplings are listed in Table 1 the ps-orbital of N(7). It can be used for calculation of this density. For a spin density of unity in the p-orbital, the theoretical value of the coupling constant b is 17.1 gauss.8 Thus the spin density of the pT-orbital of N (7) is 6.5/17.1 = 0.38.
Pullman and Mantione,9 with molecular orbital theory employing the HUckel approximation, have predicted that a guanine radical with hydrogen addition at C(8) will give an unpaired electron density of 0.39 at N(7) and 0.08 at N(9). We have recalculated the densities and have obtained a density of 0.38 at N(7) and 0.08 at N(9), in good agreement with their values. The observed value is seen to agree with the predicted value for N(7). The N14 coupling of the N(9) nucleus was too small to be resolved, although it produced an observable broadening of the lines for some orientations of the crystal. This broadening is consistent with the predicted spin density of 0.08 for N(g).
Through configuration interaction, the p-orbital density on the N (7) induces an s-orbital spin density on the N which results in an isotropic component of 8 gauss in the N (7) 14. This value and the fact that the 2p-orbital density is only 0.38 indicate that a 2p-orbital spin density of unity would induce an isotropic coupling of 21.1 gauss. The isotropic coupling induced by configuration interaction on the free N atom is by comparison only 3.73 gauss10 and that on the NH2 radical is 10.3 gauss.11
The increase in coupling in the present radical over that in NH2 is evidently due to the increased bonding by the 2s electron caused by the attachment of H+ to N(7). Proton Coupling in N-H Fragment.-A subdoublet splitting was observed in the spectra for some orientations of the crystal in the magnetic field (see Fig. 3 ) which is attributed to interaction of the electron spin density with the H(7) nucleus. This interaction consists of an isotropic and an anisotropic component. The isotropic component arises from electron spin density in the is-orbital of the H caused by spin polarization of the N-H bond, and as in the C-H fragment it is negative.
The anisotropic component results from a dipole-dipole interaction between electron spin density in the p-orbital on N(7) and the nuclear magnetic moment of H(7).
This N-H fragment interaction is very similar to that of the C-H fragment which is often observed in ESR spectra. The theory for the anisotropic coupling constants for a C-H fragment has been worked out by McConnell and Strathdee,12 and their results can be applied to the N-H fragment with few changes. Two changes to be made are in the effective nuclear charge Z and the N-H bond distance R. The reported crystal structure' for the guanine hydrochloride dihydrate gives the N(7)-H(7) bond distance as 0.93 A. This value together with Zeff = 3.7 was used for calculation of the expected coupling constants for the N(7)-H(7) fragment. The resulting values for the observed spin density of 0.38 on N (7) For some orientations of the crystal in the magnetic field, it was possible to detect and to measure roughly the hyperfine interactions of the N(s)-H(4) fragment. The splitting due to this fragment is small because the electron spin density on N(s) is only 0.08, approximately. In most cases, this fragment merely broadens the lines, but when the magnetic field is perpendicular to the N(s)-H(4) bond and also to the axis of the p-orbital of N(s), the doublet splitting by H(4) can be partially resolved and can be explained upon the assumption that the doublet splitting has a maximum value of 5 gauss. A calculation of the dipole-dipole coupling, like that above but with the N-H bond distance equal to 0.85 A (from the X-ray diffraction report on the crystal), and with a spin density of 0.08 on N(s) (as theoretically predicted), vields the expected anisotropic components: 2. gauss Ho I I to N-H bond 0 gauss Ho I I to p-orbital axis 
